We report the first detection of radio polarization of a GRB afterglow with the first intensive combined use of telescopes in the millimeter and submillimeter ranges for GRB171205A. The linear polarization degree in the millimeter band at the sub-percent level (0.27 ± 0.03%) is lower than those observed in late-time optical afterglows (weighted average of ∼ 1%). The Faraday depolarization by non-accelerated, cool electrons in the shocked region is one of the most likely mechanisms for the low value. In this scenario, larger total energy by a factor of ∼ 10 than ordinary estimate without considering non-accelerated electrons is required. The variation of the position angle along with wavelength is not inconsistent with this scenario. This result indicates that polarimetry in the millimeter and submillimeter ranges is a unique tool for investigating GRB energetics, and coincident observations with multiple frequencies or bands would provide more accurate measurements of the non-accelerated electron fraction.
INTRODUCTION
Gamma-ray Bursts (GRBs) are highly energetic explosions in the universe, and are currently being exploited as probes of first-generation stars and gravitational wave transients. In fact, the distant events at the re-ionization epoch (Tanvir et al. 2009; Cucchiara et al. 2011; Totani et al. 2014 ) and the short GRB coincident with a gravitational wave transient have already been observed (Abbott et al. 2017) , respectively. The energetics of GRBs are fundamental physical parameters that can not only reveal their progenitor systems but also probe both the early and current states of the universe. Although substantial observational efforts have been made since the afterglow discovery (Costa et al. 1997) , the total energies have been estimated so far without considering non-accelerated, cool electrons at the relativistic collisionless shocks that do not emit observable radiation (Eichler & Waxman 2005) , while the existence of such cool electrons is well studied for supernova remnants and solar winds (e.g. van Adelsberg et al. 2008; Vink et al. 2015) . A clear method for identifying non-accelerated electrons in GRB afterglows is measurement of their Faraday effect that suppresses the radio polarization but keeps the optical one as emitted (Toma et al. 2008) 1 . Here, we report the first detection of radio polarization of a GRB afterglow through observing low-luminosity GRB 171205A, and discuss implications from the Faraday depolarization model. GRB 171205A was detected on 5 December 2017, 07:20:43 UT (D'Elia et al. 2017 ) and its X-ray and optical afterglows (D'Elia et al. 2018 ) are identified by the Neil Gehrels Swift Observatory. Izzo et al. (2017) made spectroscopic observations with the Very Large Telescope (VLT) in Chile approximately 1.5 h after the GRB by identifying the optical afterglow and, based on the absorption and emission lines, announced a redshift of z = 0.0368. At this redshift, the isotropic γ-ray energy release E γ,iso of 2.4 × 10 49 erg (in the 20−1500 keV range with the cosmological parameters H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7) indicates that GRB171205A is categorized as a low-luminosity GRB. Intensive optical photometric and spectroscopic observations using the 10.4-m Gran Telescopio CANARIAS (GTC) revealed the association of a broad-line type Ic supernova that resembled SN1998bw . The bright millimeter afterglow was also detected by the Northern Extended Millimeter Array (NOEMA) in the 90 GHz and 150 GHz bands 20.2 h after the burst (de Ugarte Postigo et al. 2017).
OBSERVATIONS AND ANALYSIS

SMA
Intensive monitoring was made using the SMA at 230 GHz starting 6 December 2017 with a total of six epochs. On the nights of 8 and 13 December 2017, the afterglow was observed by the dual-band mode at 230 and 345 GHz. The data were flagged and calibrated with the MIR data-reduction package using standard procedures and were then imaged using Miriad software (Sault et al. 1995) . Except for the observation at 345 GHz on 13 December 2017 (due to marginal weather conditions in the band), the afterglow was clearly detected at a confidence level of more than 10σ. Flux measurements were performed using Common Astronomy Software Applications (CASA, ver-sion 5.1.1; McMullin et al. 2007) . Although the 150-GHz NOEMA observation reported the second brightest GRB in the millimeter band (de Ugarte Postigo et al. 2017), we measured an unusual bright submillimeter afterglow of 53.7 ± 0.9 mJy in the 230 GHz band 1.5 days after GRB, which is the brightest afterglow in the submillimetre range. At the same epoch, the historical GRB030329 was 49.2 ± 1.1 mJy in the 250 GHz band (Sheth et al. 2003) . Furthermore, the brightness of the GRB171205A afterglow was 510 times brighter than other bright afterglows detected by SMA at 230 GHz (Urata et al. 2014 (Urata et al. , 2015 , which are expected to be suitable polarimetry targets in the millimetre range with the typical afterglow temporal evolution. Thus, GRB 171205A is an ideal object for performing the first radio polarimetry.
ALMA
ALMA observed the afterglow in two different epochs using the linear polarization mode at Band 3 (representative frequency of 97.5 GHz) on 10 and 16 December 2017. The correlator processed four spectral windows (SPWs) centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth of 1.75 GHz each. The bandpass and flux were calibrated using observations of J1127-1857, and J1130-1149 was used for the phase calibration. The polarization calibration was performed by observations of J1256-0547. The raw data were reduced at the East Asian ALMA Regional Center (EA-ARC) using CASA (version 5.1.1). We further performed interative CLEAN deconvolution imaging with self-calibration. The Stokes I, Q, and U maps were CLEANed with an appropriate number of CLEAN iterations after the final round of self-calibration. Since significant signals were observed on the Stokes Q and U maps generated using the entire Band 3 dataset from 10 December 2017, we generated additional Stokes maps using the individual SPWs. The quantities that can be derived from the polarization maps are the polarized intensity, polarization degree, and polarization position angle (P.A.). The atan2 function in the python math module which returns a numeric value between −π and π, was used to calculate the polarization position angle. The non-detection (both positive and negative) with S/N of 3 on the 92.5-GHz U map taken on 10 December 2017 yielded polarization position angle ranges of P.A. > +78
• and P.A. < −78
• . The ACA observations were executed on 10, 12, and 16 December 2017 at 345 GHz (Band 7) with the single continuum observing mode. Two of the ACA photometry observations were conducted during polarimetry using ALMA. The data were flagged, calibrated and imaged with standard procedures with CASA (version 5.1.1).
VLA
VLA observed the afterglow on 9 December 2017 at central frequencies of 6 GHz (C-band), 10 GHz (Xband), and 15 GHz (U-band), as one of the observatorysponsored observations . The data were calibrated using standard tools in CASA (VLA pipeline version 5.0.0) and then were imaged with CLEAN task. The source was significantly (more than 50σ) detected in all three bands. To describe the spectral energy distribution, six images at the central frequencies of 5 GHz, 7 GHz, 8.5 GHz, 11 GHz, 13.5 GHz, and 16 GHz were generated with the CLEAN task, and qualified photometry was performed with a confidence level of more than 20σ.
3. RESULTS
Lightcurve and SED
The temporal evolution of the afterglow flux at 230 GHz is described by broken power-law decays (f ν (t) ∝ t α ) with α = −0.30±0.07 for t 4 days and α = −1.34± 0.06 for t 4 days, as show in Figure 1 . The spectral slope (f ν ∝ ν β ) is also described as β = 1.457 ± 0.028 at 4.3 days in the centimeter range (5−16 GHz; Figure 2a ) and β = −0.430 ± 0.004 at 5.2 days in the submillimeter and millimeter range (90.5−345 GHz; Figure 2a) . Highquality photometry (S/N ∼ 72−89) using ALMA during the polarimetry, at 5.2 days, measured the spectral slope of β = −0.40 ± 0.01 in the 90−100 GHz (i.e. Band 3). These measurements indicate that the spectral peak was located at ∼ 30 GHz (below ∼ 90 GHz). Figure 3a shows the Stokes I, Q, and U maps obtained using the entire ALMA Band 3 frequency range taken 5.2 days after the GRB. Detections with a confidence level of 5σ or better on the Q and U maps yield a polarization degree of 0.27 ± 0.03%. Our measured value describes the intrinsic origin because depolarization between the source and observing site is negligible for the point source (i.e. GRB afterglows) in this millimeter band (Brentjens & de Bruyn 2005) . Although we could not find any detection in the Stokes Q and U maps at 11.2 days, we measured the corresponding deep upper limit of the polarization degree (< 0.27%, 3σ significance), which was consistent with that at 5.2 days within the error margin.
Polarization
The apparent brightness of 31.94 ± 0.44 mJy observed 5.2 days after the burst using the entire ALMA Band 3 frequency range enabled more detailed polarimetric analysis using four individual spectral windows (SPW) of Band 3 (Figure 3 b, c, d , and e). The measurments are summarized in Table 1 . Other than the Stokes U map at 92.5 GHz, there were significant detections at a 3.0σ confidence level or better. In the Stokes U map at 92.5 GHz, there was no significant flux, and the range of the P.A. was constrained. Although the polarization degrees in each SPW were consistent with the value measured using the entire Band 3 frequency, the P.A. significantly varied with the wavelength (Figure 4 ). The observed P.A. is most likely intrinsic value because the Faraday rotation effect for both the host galaxy and Milky Way Galaxy is quite small at this frequency (Sokoloff et al. 1998; Oppermann et al. 2012) . The expected galactic Faraday rotation effect is up to ∼ 0.3
• . We tried to fit the P.A. data including the upper limit (the method is described in Sawicki 2012) with constant or linear function of squared wavelength, but did not obtain a good fit (Figure 4 ).
DISCUSSION
Afterglow modeling
The spectral data and the light curve at 230 GHz for 1−10 days can be explained by the standard forward shock model (e.g. Granot & Sari 2002) . The closure relation (Zhang & Mészáros 2004) at t 4 days is α − 3β/2 ≃ −0.69 ± 0.07. The standard synchrotron emission from the forward shock expanding in uniform density medium for ν m < ν < ν c obeys α − 3β/2 = 0 when the edge of the collimated shock is not observed due to the relativistic beaming effect. After the edge can be observed (but the shock does not expand sideways), the additional geometrical flux reduction Γ 2 θ 2 j ∝ t −3/4 leads to α − 3β/2 = −3/4, where Γ and θ j are the Lorentz factor and opening half-angle of the shock, respectively. The latter relation is consistent with our observation. The decay index for ν a < ν < ν m in this model is α = −1/4, which is also consistent with that for t 4 days. Therefore, the break in the 230 GHz light curve is due to the ν m crossing.
Based on this model, the spectra at t = 4.3 and 5.2 days and the multiband light curves can be well fitted by the flux formula of Granot & Sari (2002) multiplied by the geometrical flux reduction factor [1 + (t/t j )] −3/4 (Figure 1, 2a) . Here we set the synchrotron self-absorption frequency ν a ≃ 22 GHz, the synchrotron frequency of minimum-energy electrons ν m ≃ 200 (t/4.3 days) −3/2 GHz, the peak flux before the jet break F νm (t < t j ) ≃ 72 mJy, the jet break time t j ≃ 2 days, and the electron energy spectral index p ≃ 3. The first three characteristic quantities are functions of four physical parameters, namely the isotropic shock energy E iso , the ambient medium density n, the fraction of shock energy carried by the electrons ǫ e , and that carried by amplified magnetic field ǫ B . Thus, we have the relations n ≃ 20 (E iso /2 × 10 50 erg) 3 cm −3 , ǫ e ≃ 0.03 (E iso /2 × 10 50 erg), and ǫ B ≃ 0.005 (E iso /2 × 10 50 erg) −5 . The numerical values of n, ǫ e , and ǫ B are typical of GRB afterglows (Panaitescu & Kumar 2002) , and thus, E iso may not be considerably different from this value due to the high dependences of n and ǫ B on E iso . This analysis means that we performed the first radio afterglow polarimetry in the waveband well above ν a (c.f. Granot & Taylor 2005; van der Horst et al. 2014 ).
Faraday depolarization effect
We focused on the polarization at 5.2 days, the phase when the intensity can be explained by the standard forward shock model. The precise detection of the polarization degree of 0.27±0.03% indicated that the value is the smallest one among all afterglow polarization measurements, and smaller than those in late-time optical afterglows explained by the standard forward shock model, which range from 0.5% to 10% (Greiner et al. 2003; Wiersema et al. 2014; Covino & Gotz 2016) .
There was no polarimetric data at the higher frequency ranges for the present event (except the supernova component in the optical band). Note that there are 84 polarimetric measurements for optical afterglows (i.e. excluding measurements for early-time reverse shock components that show high values) among 13 GRBs (Covino & Gotz 2016) . The weighted average and average of the measurments are 1.0% and 1.6%, respectively. Among these, 58 measurements were made during the phases in which the intensities are describable by the standard forward shock model. For these selected events, the weighted average and average of the linear polarizations are 1.2% and 1.7%, respectively.
By assuming a polarization degree at higher frequency ranges (e.g. optical) for the present event as P 0 = 1%, we calculate the polarization spectrum based on the afterglow model described above (c.f. Matsumiya & Ioka 2003; Sagiv et al. 2004; Jones & O'Dell 1977; Huang & Shcherbakov 2011) , and plot it by the grey dotted line in Figure 2b . It varies by a factor of 0.5(p + 7/3)/(p + 1) ≃ 2/3 at ν = ν m and decays at ν ν a . Our measured value is substantially lower than this model line.
It has long been theoretically predicted that, if only part of the swept-up electrons is accelerated, the non-accelerated electrons with thermal Lorentz factorγ m = ηΓ cause Faraday depolarization at ν > ν a (Toma et al. 2008) , where η is a factor of the order of unity in the case that the non-accelerated electrons are just isotropized at the shock front (Eichler & Waxman 2005 ). Such a model in which the fraction of accelerated electrons is f < 1 can explain the intensity in the same way as in the standard model with the parameters Eichler & Waxman 2005) . Thus, a very small value of f would lead to a crisis of the total energy requirement. In this scenario, the polarization degree is given
n 9/16 (ǫ B /0.01) 1/4 (t/1 day) −1/16 GHz. Here the magnetic field in the shocked region has been assumed to be tangled on hydrodynamic scales, following Toma et al. (2008) and Uehara et al. (2012) , and then the plasma can be considered to consist of a number of random cells, in each of which magnetic field is ordered (Jones & O'Dell 1977; Gruzinov & Waxman 1999) . N denotes the number of random cells in the three-dimensional visible region.
In this case
GHz explains our measurement (see the green dashed line in Figure 2b ), which corresponds to 1/f ∼ 12 (E iso /2 × 10 50 erg) −5/4 η 2 (lnγ m ) −1 . For the case of P 0 = 0.5% (Figure 2b ), 1/f ∼ 10 is still required.
The P.A. becomes a very complicated function of wavelength and the functional form is determined randomly for such a tangled magnetic field that we assume (Sokoloff et al. 1998 ). Therefore, the observed variation of the P.A. is not inconsistent with this scenario.
In summary, with the first intensive combined use of telescopes in the millimeter and submillimeter ranges for the GRB171205A afterglow, our observations provided the first linear polarimetry in the millimeter band. The measured polarization degree is substantially lower than the typical optical one. Although the (semi-) simulataneous measurments in multiple wavelengths are required, this measurment suggests the Faraday depolarization effect and larger total energy by a factor of ∼ 10 than ordinary estimate without considering non-accelerated electrons. The observed P.A. variation along with wavelength is not inconsistent with this scenario. Multi-frequency polarimetry in the submillimeter/millimeter range and/or with simultaneous optical polarimetry would provide more accurate nonaccelerated electron fraction. Hence, this observation consolidates the new methodology for revealing the fundamental properties of GRBs.
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